Abstract. We focus on the plasmonic properties of palladium-coated gold nanorods. Two characteristic plasmon bands of those nanorods have been detected in the optical absorption. One of them, which is located at about 525 nm, is associated with electron oscillations along the transverse direction. This band does not depend on the palladium-shell thickness and the dielectric susceptibility of the surrounding medium. The other band, at about 800-900 nm, is associated with electron oscillations along the longitudinal direction. It exhibits a clear shift when the palladium-shell thickness and the dielectric surrounding are changed. Our results point to a novel possible way for tuning photo-catalytic ability of the nanorods and their possible use in biological/chemical sensors.
Introduction
Bimetallic nanoparticles can offer additional degrees of freedom when compared with the pure elemental particles, by altering physical properties of the latter. This can enable a wide range of applications, e.g. catalysis technologies [1] [2] [3] [4] [5] [6] or optical devices [7] [8] [9] [10] [11] . Like bimetallic nanoparticles, applications of bimetallic nanorods have served as a catalyst of one of the most active areas of the nanoscience. Bimetallic nanorods having large surface-to-volume ratios are among the nanomaterials used to improve selectivity and rate of metal-catalyzed reactions. Moreover, the bimetallic nanorods employed as nanocatalysts can provide a way for utilizing smaller amounts of expensive catalyst materials, by using less expensive metals as core materials. On the other hand, the structured core-shell nanocatalysts retain an efficient coupling surfaceplasmon resonance. They can, for instance, act as built-in sensing components, which are able to signal the exposure to biological agents and toxic chemicals before the doses of the latter become harmful.
So far, the bimetallic nanorods have been used mainly in alloy or core-shell forms, relying significantly on the synthesis conditions, miscibility and the kinetics of reduction of metal ions. In this work, we study the plasmonic properties of the core-shell particles where palladium-wrapped gold nanorods have been obtained with various palladium-shell thicknesses and surrounding media. Like platinum, palladium is unique for its catalytic properties. It is expected to be a highly useful industrial catalyst for producing hydrogen from methane, reducing automobile pollutant gases, and even in direct methanol-fuel cells.
Gold has also attracted much attention as a potential core for bimetallic core-shell nanorods. The reasons are its strong optical absorption in the visible region [12, 13] and good catalytic properties [14] [15] [16] , which reveal clear size and shape dependences. Furthermore, the use of gold for the catalysis, instead of the other metals commonly employed for that aim, is more viable economically. In this respect our experimental results may prove to be very useful for the solar energy conversion by plasmonic luminescent solar concentrators. Moreover, the benefits from the plasmonic effect can be applied to develop metal-enhanced fluorescence via fluorescent dye-doped Au@Pd thin films. This will be the subject of our forthcoming article.
The impact of the present work concerns the two aspects. First, we have measured the exact values of the metal-component concentrations. Since the metal mass in the solution cannot be extracted from its precursors, one needs inductively coupled plasma-mass spectrometry examinations of the products obtained finally, especially in the case of our plasmonic investigations. We have used the mentioned spectrometric technique to measure the exact metal concentrations. Notice that some of the studies (see Refs. [17, 18] ) provide only approximate estimations issuing from the metal sources and the conversion efficiency. Although these rough concentration estimations are of the same order of magnitude, they can vary notably from the exact values. Second, we have built a simpler, lower-cost spectrometer, as compared with its commercial counterparts.
Experimental
A gold core was prepared from the solution of cetyltrimethylammonium bromide, using a seedmediated growth technique [19] . Palladium chloride components of different concentrations were then added to the gold core in order to form a palladium shell of varying thickness. The exact concentrations were examined with the inductively coupled plasma-mass spectrometry, which is usually used for determining the exact amounts of metals. The gold-core sizes and the palladiumshell thicknesses were characterized using a transmission electron microscopy. The samples were centrifuged and redispersed in deionized water before the optical absorption measurements.
The absorption spectra (in arbitrary units) of the gold-palladium core-shell nanorods with different weight ratios of palladium and gold (Pd:Au = 0.20:1, 0.10:1, 0.05:1 and 0:1) were measured in the wavelength region 400-900 nm, using a home-made spectrometer equipped with polarizing accessories, a xenon lamp Hamamatsu L2273, and a photomultiplier Hamamatsu R585 (see Fig. 1 ). We used two monochromators in a series, which functioned as a double filter for rejecting any stray light. The exit slit of the first monochromator was the entrance slit for the second one. The absolute values of sample absorptions were obtained by normalizing the sample absorption response corresponding to plasmon resonances to that of a quartz reference plate.
Finally, the optical absorptions of a set of palladium-coated gold nanorods placed in the liquids with different dielectric constants (see Table 1 ) were studied. The plasmon modes were also detected for the reference cases of refined ethanol and toluene. The experimental data was presented in terms of dependence of the plasmon-peak wavelength on the refractive index. 
Results and discussion
The transmission electron microscopy images displayed in Fig. 2a and Fig. 2b show uniform gold nanorods and uniform palladium-coated gold nanorods, respectively. The short axis b and the long axis a of the gold nanorod core are 40±3 and 96±6 nm, respectively. The aspect ratio a/b is therefore 2.4±2. The thickness of the coating palladium shell is equal to 3.0±0.2 nm. The optical absorption spectra measured for the palladium-coated gold nanorods with the Pd/Au weight ratios 0, 0.05, 0.10 and 0.20 are shown in Fig. 3 . Two main plasmon peaks can be detected for all of our samples. The first is linked to electron oscillations perpendicular to the long axis of the rod (a so-called transverse plasmon band), and the second is associated with conduction-electron oscillations parallel to the long axis of the rod (a so-called longitudinal plasmon band). Of those two modes, the transverse oscillations of electrons give rise to the absorption band located at the shorter-wavelength side (at about 525 nm), which corresponds to nanospheres. That location of the resonance is independent of the palladium-shell thickness and the changing Pd/Au weight ratio because the short axis a is dominant for the spherical-like segments. The resonance shows no detectable shift when the Pd/Au weight ratio increases from 0.05 to 0.20. This result can be explained with the approach developed by Sandrock et al. [20] suggesting that the light polarization is weakly affected by the centrosymmetric structures having the aspect ratio a/b = 1. On the other hand, the longitudinal oscillations of electrons result in the band located in the longer-wavelength part of the spectrum, because the long axis b is dominant for the case of rodlike segments. The peak position depends on the palladium-shell thickness, thus suggesting that the effect of gold core on the plasmonic sensitivity is completely screened when the palladiumshell thickness becomes larger. As a consequence, increasing thickness of the palladium shell imposes a blue shift of the plasmon absorption maximum. This longitudinal plasmon band corresponds to the optical response of the pure palladium nanorods, due to less negative values of the real part of the permittivity of palladium as compared to gold [21] . For instance, the absorption band shifts from 860 to 820 nm when the Pd/Au weight ratio increases from 0.05 to 0.20. This result can also be explained using the results by Sandrock et al. [20] , which suppose that the light polarization is strongly affected by the noncentrosymmetric structures having the aspect ratio a/b  1. In other words, by varying the Pd/Au ratio, one can adjust the blue shift of the plasmon band to be anywhere beginning from 860 and ending at 820 nm.
To study dependence of the plasmon peak on the refractive index of the surrounding medium, we have dispersed the palladium-coated gold nanorods into different organic solvents (The relevant refractive indices are displayed in Table 1 ). Fig. 4 shows the peak positions of the plasmon resonance for different Pd:Au nanorods immersed into different organic dielectric media. The peak location for the transverse plasmon band is independent of the dielectric medium. This implies that the absorption peak located at 525 nm does not change when the refractive index of the medium increases from 1.33 to 1.49 (not shown in Fig. 4) . Table 1 ).
By contrast, due to recognizable dependence of the plasmonic sensitivity for the longitudinal mode on the palladium-shell thickness, the palladium-coated gold nanorods with different palladium-shell thicknesses give rise to distinct plasmon-peak wavelengths even in the same surrounding medium. Namely, the plasmon peak wavelengths for the nanorods having the ratios Pd:Au = 0.20:1, 0.10:1, 0.05:1 and 0:1, which are immersed in deionized water (n = 1.33), are respectively equal to 820, 830, 840 and 860 nm. Then, by varying the Pd/Au ratio for the case of the same medium, one can adjust the plasmon-band shift to be anywhere from 820 to 860 nm.
Furthermore, the peak position of the longitudinal plasmon band with a given palladium-shell thickness shows evident red shift with increasing refractive index. Namely, the plasmon peak shifts for the cases of Pd:Au = 0.20:1, 0.10:1, 0.05:1 and 0:1 are respectively 820-860, 830-867, 840-874 and 860-880 nm, when each sample is immersed in the medium with different refractive index (1.33-1.49). The shift value depends linearly on the refractive index. The host media with higher refractive indices (i.e., higher dielectric constants) are effectively more polarizable and thus couple more readily with the surface plasmon electrons. The energy needed to collectively excite electrons is then reduced. In this case the maximum of the plasmon absorbance is shifted towards the red side of spectrum.
There are two possible origins of the observed spectral changes associated with the electron oscillations in our samples. First, there is a change in the electromagnetic field gradient normal and/or parallel to the sample plane, due to the plasmon excitation. Second, as seen from Fig. 2 , an electro-static lightning-rod effect via geometric singularity of sharply pointed structures may result in enhancement of the electric field. Numerical investigations of the local electromagnetic fields with the finite-difference time-domain technique are now in progress. They can unravel the nature of the lightning-rod effect and plasmon modes enhancing in our samples. The more detailed results will be presented in our forthcoming article.
In summary, both the presence of the palladium shells deposited onto the Au-core nanorods and the changes in the refractive index of the surrounding dielectric medium are marked by a change in the sample colour and a shift in the plasmon-peak position proportional to the changes in the electromagnetic field located around the nanorod surfaces. The UV-Vis-NIR absorption spectra clearly point to both short-and long-wavelength plasmon bands, which are attributed respectively to the transverse and longitudinal plasmon modes of the rods. Under controlled changes in the palladium-shell thickness and the refractive index of the surrounding dielectric medium, the longer-wavelength plasmon band reveals a shift, whereas the shorter-wavelength band remains invariable. Since the palladium-coated gold nanorods have an inherent photo-sensing ability, they should prove a very desirable material for the photo-catalysis and for the surface plasmon resonance-based sensors.
Conclusions
We have described two observations regarding the optical properties of the gold-palladium coreshell nanorods. The nanorods reveal a unique optical response, with the two characteristic plasmon resonance bands present in the optical absorption. Unlike the resonant peak from the transverse plasmon band, the peak linked with the longitudinal plasmon band excitation shows a remarkable shift when one changes the palladium-shell thickness and the dielectric medium in a controllable manner. A blue shift of the localized longitudinal surface plasmon resonance in the UV-Vis-NIR absorption spectrum is observed if more palladium atoms are added in order to form a shell on the gold core. This allows one to alter the plasmon resonance of the palladium-coated gold nanorods.
On the other hand, since high enough refractive indices of the organic solvents can screen the incident electromagnetic field, the localized longitudinal surface plasmon resonance becomes redshifted with increasing refractive index of the surrounding medium. Due to excellent reproduction of the absorption response and the intense plasmon peaks, the palladium-coated gold nanorods can serve as a superior candidate for chemical/biological sensing and photo-catalysis.
